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A two-dimensional electron liquid is formed at the n-type interface between SrTiO3 and LaAlO3.
Here we report on Kelvin probe microscopy measurements of the electronic compressibility of this
electron system. The electronic compressibility is found to be negative for carrier densities of
≈ 1013 /cm2. At even smaller densities, a metal–to–insulator transition occurs. These local mea-
surements corroborate earlier measurements of the electronic compressibility of LaAlO3-SrTiO3
interfaces obtained by measuring the capacitance of macroscopic metal-LaAlO3-SrTiO3 capacitors.
PACS numbers: 73.20.-r, 73.40.Cg, 68.37.Ps
It has been established that a two-dimensional (2D)
sheet of mobile electrons is generated at the interface
between the TiO2-terminated (001) surface of SrTiO3
and LaAlO3.
1–3 This electron system has remarkable
properties that differ significantly from the properties
of 2D electron gases embedded in semiconductor het-
erostructures. For example, the characteristic car-
rier density n at LaAlO3-SrTiO3 interfaces equals sev-
eral 1013 /cm2, which is well above the typical densi-
ties of 1011 - 1012 /cm2 found in semiconductor het-
erostructures. The charge carriers at the interface orig-
inate from an electronic reconstruction4,5 and occupy
Ti 3d t2g states at the interface TiO2 layer.
6 For the
effective mass of the electrons values in the range of 1
to 3.2 bare electron masses were reported.3,7–9 In the
samples investigated the electron mobility is of order
1 000 cm2/(Vs) at 4.2K.10 Moreover the system shows
coexistent superconductivity and magnetism if cooled
to low temperatures.11–13 Furthermore, by performing
capacitance measurements on SrTiO3-LaAlO3-Au and
SrTiO3-LaAlO3-YBa2Cu3O7−x capacitors, a state with
negative electronic compressibility κ = (n2dµ/dn)−1 was
identified, where µ is the electrochemical potential.14 In a
dilute electron gas, a negative electronic compressibility
results from the dominance of exchange and correlations
terms, which apparently explain the negative compress-
ibility in some semiconductor heterostructures.15 The ori-
gin of the observed negative compressibility of the less
diluted electron liquid at LaAlO3-SrTiO3 interfaces has
not been identified completely. The negative electronic
compressibility of the LaAlO3-SrTiO3 interface electron
system was found to exceed the negative compressibil-
ity of 2D electron gases in Si heterostructures by a fac-
tor of at least ten.16 The negative electronic compress-
ibility is also much larger than the negative compress-
ibility recently reported in carbon nanotubes and GaAs
structures.17–19 Although all studies of the negative elec-
tronic compressibility at LaAlO3-SrTiO3 interfaces were
done with samples in which the LaAlO3 layers were 10
or 12 unit cells thick to prevent tunneling currents, which
are unfavorable in capacitance measurements, the nega-
tive electronic compressibility has been predicted to oc-
cur also in samples with LaAlO3 films as thin as four
monolayers, the thinnest films to generate a conducting
LaAlO3-SrTiO3 interface.
10 Because tunneling and leak-
age currents through the LaAlO3 layer undermine the ac-
curacy of measurements of the electronic compressibility
using planar capacitors, we have explored such samples
by local measurements of the electronic compressibility.
For this we used Kelvin probe microscopy, which has pre-
viously been employed on LaAlO3-SrTiO3 heterostruc-
tures to map the distribution of the surface potential.20
With Kelvin probe microscopy it is possible to measure
the electronic compressibility of samples grown without
a top gate, which would be detrimental to the studies
of LaAlO3-SrTiO3 heterostructures with 4 unit-cell-thick
LaAlO3 layers.
14,21,22
To measure the electronic compressibility of LaAlO3-
SrTiO3 interfaces we fabricated LaAlO3-SrTiO3 het-
erostructures comprising 4 unit-cell-thick (1.6 nm) epi-
taxial LaAlO3 films. The LaAlO3 films were grown by
pulsed laser deposition on the TiO2-terminated
23,24 (001)
surface of SrTiO3 crystals. The deposition was performed
at a substrate temperature of 780 °C, an oxygen back-
ground pressure of ≈ 1× 10−4mbar, and was monitored
by reflection high-energy electron diffraction. After cool-
ing the samples in 400mbar O2, an aluminum shadow
mask with a rectangular hole was attached to the sam-
ples’ surfaces. Using this mask, Ar ion etching was em-
ployed to etch holes into the SrTiO3 substrates, which
were then filled with electron-beam evaporated Ti to
contact the interface electron liquid. After transporting
the samples to the preparation chamber of the scanning
probe microscope (SPM) they were heated radiatively for
> 40 minutes to ≈ 170 °C to clean their surfaces. The
SPM, which operates in ultrahigh vacuum at 4.7K, uti-
lizes a cantilever based on a quartz tuning fork (qPlus-
sensor)25 with a spring constant of ≈ 1 800N/m. An
iridium spall treated in situ by field emission was used
as a tip. The experimental setup is sketched in Fig. 1.
2FIG. 1. Illustration of the experimental configuration. The
force sensor consists of a quartz tuning fork.25 The force be-
tween tip and sample is monitored as a function of Vts, the
voltage applied between tip and sample. Through the back-
gate voltage VG between the interface and the silver paint at
the back of the SrTiO3 substrate the carrier density at the
interface can be tuned. A negative VG causes the n-type in-
terface electron system to be depleted. The current I flowing
into the interface and the force between tip and sample are
recorded simultaneously.
The standard step–and–terrace structure of the
LaAlO3-SrTiO3 heterostructures resulting from a slight
vicinal cut of the SrTiO3 substrates (≈ 0.15 °) is readily
imaged by scanning force microscopy (Fig. 2). Whereas
on more standard samples excellent resolution was easily
achieved with the SPM,26 it was not possible to obtain
atomic resolution on the LaAlO3-SrTiO3 heterostruc-
tures.
To assess the electronic compressibility of the interface
we measured the force between the tip and the sample as
function of tip–sample distance and tip–sample voltage.
The electrostatic force Fes exerted on a tip by an electric
field between the tip and a conducting sample is given
by
Fes(V ) = −
1
2
dCts
dz
V 2, (1)
where Cts is the capacitance of the tip–sample arrange-
ment, z the tip–sample distance, and V the difference of
the electric potentials of tip and sample. Tip and sample
are uncharged for V = 0.
If the work functions of tip and sample, φt and φs,
differ, electrons move between the tip and the sample
to equilibrate the electrochemical potentials of tip and
sample, µt and µs. As a result, tip and sample become
charged and a difference V∆φ = ∆φ/e of the electric po-
tentials of tip and sample is generated. Here, e is the ele-
mentary charge and∆φ = φs−φt. If in addition a voltage
Vts is applied between tip and sample, V = Vts − V∆φ.
Therefore ∆φ can be determined by measuring Fes(Vts),
which is done by Kelvin probe microscopy.27 We note
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FIG. 2. (a) Topographic frequency-modulation scanning force
microscopy image of the LaAlO3 film acquired at 4.7K. The
image was recorded with a scanning speed of 75 nm/s and
a frequency shift of ∆f = −1.8Hz. The free resonance fre-
quency of the cantilever was f0 = 25 926.6Hz, the quality
factor was Q = 20 320 and the oscillation amplitude was set
to A = 3.4Å. The white dots in the scan are caused by adsor-
bates on the sample surface.(b) Profile taken along the blue
line plotted in (a).
that Fes = 0 if Vts = V∆φ.
The Fes(Vts) characteristic can be determined by mea-
suring the frequency shift ∆f of the cantilever reso-
nance frequency as a function of Vts, because for small
oscillation amplitudes, ∆f(Vts) ∝ dFtotal(Vts)/dz ∝
dFes(Vts)/dz + dFtopo/dz.
28 Ftotal(Vts) is the total force
comprising Fes(Vts) as well as a "topographic force"
Ftopo, which includes forces such as van der Waals and
chemical bonding forces between tip and sample. A rep-
resentative spectrum of ∆f(Vts) measured on a sample
with 4 unit cells LaAlO3 at 4.7K is shown in Fig. 3(a).
The ∆f(Vts) characteristic has a pronounced parabolic
dependence (see inset of Fig. 3(a)). V∆φ is given by the
voltage of the ∆f(Vts) parabola’s extremum. The mea-
sured sign of V∆φ implies that φs is greater than φt, as
is the case in the illustration shown in Fig. 3(b).
∆φ is readily obtained from the measurement of V∆φ,
and therefore also φs if φt is known. To measure the elec-
tronic compressibility of the interface, however, φs has to
be measured as a function of the interface carrier density
n. To measure ∆φ(n), Fes needs to be measured at con-
3FIG. 3. (a) Frequency shift ∆f of the cantilever oscillation
frequency measured as a function of tip–sample voltage Vts.
The spectrum was taken at 4.7K with a sweep rate of 1V/min
on a position distant from topographic steps. The linear curve
in the inset shows the quadratic dependence of ∆f on Vts −
V∆φ. (b) Schematic band diagram of the interface and the
tip. The contact potential difference V∆φ corresponds to the
difference of the work functions of interface φs and tip φt. The
nominal work function of the iridium tip is 5.27 eV29 and we
measure mV changes in V∆φ. The electrochemical potentials
of sample and tip are labeled µs and µt, respectively. In the
case shown, the vacuum levels Evac are balanced by a voltage
V∆φ applied between interface and tip.
stant z, while n is varied by applying a gate voltage VG
to the back of the SrTiO3 substrate. To avoid artifacts
resulting from the electrostriction of the SrTiO3,
30 for
every VG the tip–sample distance z needs to be adjusted
to the same value. This is done by making use of the
dFtopo/dz(z) dependence: for every VG, the tip biased
at Vts ≈ V∆φ is moved in z-direction to obtain the same
dFtopo/dz value.
The results of the ∆φ(VG) measurement are shown in
Fig. 4(a). Starting at VG = 0, V∆φ is increased if VG is
lowered, i.e. if n is lowered. At VG = −70V, the slope of
the V∆φ curve changes sign. V∆φ displays a clear mini-
mum at VG = −95V. Using a second sample and different
tips, we found that this minimum was reproducible. The
VG value of the minimum was found to differ among the
FIG. 4. (a) Contact potential difference V∆φ measured as a
function of VG. The measurements were performed at 4.7K.
Spectrum 2 was recorded directly after spectrum 1. V∆φ was
obtained through quadratic fits of the ∆f(Vts) spectra. (b)
The inverse electronic compressibility dµs/dn plotted as func-
tion of the change of the carrier density δn. The value of δn
was determined by integrating the capacitance between inter-
face and back gate over the gate voltage.
samples, which we attribute to differences in the response
of the samples on electric fields. The shape and the com-
position of the tips used in the experiments affected the
absolute value of the minimum.
Because the work function of the tip φt does not de-
pend on n, any change of ∆φ(VG) is caused by a change
of φs, resulting from a shift of the interface chemical po-
tential with respect to the vacuum level Evac. A decrease
of ∆φ, i.e. a decrease of φs, corresponds to an increase
of the interface chemical potential. Our data show that
V∆φ decreases in the voltage range from −70V to −95V.
Hence in this range dµs/dn < 0, the electronic compress-
ibility is negative.31,32
To obtain the carrier density n of the interface elec-
tron system we measured the capacitance C between the
4interface and the back gate. For this, an AC voltage
with a frequency of fmod = 77Hz and an amplitude of
Vmod = 10mVrms was applied to the interface and the
resulting current I was measured with a standard lock-
in technique. Because leakage currents were found to be
negligibly small, the AC current is proportional to C. A
clear decrease in capacitance with increasing electric field
is observed, which is caused by the field dependency of
the dielectric constant of SrTiO3.
33 The change in the
carrier density δn with applied gate voltage can be cal-
culated by integrating the measured capacitance. The
carrier density is the sum of the density at zero gate volt-
age n0 and δn: n = n0+ δn. The inverse compressibility
dµs/dn can be determined by differentiating V∆φ with
respect to δn: dµs/dn = dµs/d(δn) = −d(eV∆φ)/d(δn).
The result is shown in Fig. 4(b) and exhibits a clear dip of
the electronic compressibility at δn = −6.2× 1012 /cm2.
It is of the same order of magnitude as measured by Lu Li
et al.14 The absolute value differs slightly from the previ-
ously measured data, which is ascribed to the differences
in the LaAlO3 film thicknesses.
In summary, we have shown with Kelvin probe mi-
croscopy that the conducting LaAlO3-SrTiO3 interface
exhibits a negative electronic compressibility at low car-
rier densities even if the LaAlO3 layer is only four unit
cells thick. This effect is consistent with the results of
Lu Li et al.,14 who found a negative electronic compress-
ibility close to the metal–insulator transition for 10 and
12 unit cells LaAlO3. The employed technique is inde-
pendent of the previously used capacitance-measurement
method. Moreover, as we deplete the interface solely by
applying voltages to the back of the SrTiO3 substrate,
the use of a gate on top of the LaAlO3 film is dispens-
able. It is therefore possible to measure samples with
ultrathin LaAlO3 films.
In Ref. 34 it has been suggested that the capacitance
of capacitors may be enhanced by optimizing the elec-
trode material. Indeed, Lu Li et al. found a large en-
hancement of the capacitance of metal-LaAlO3-SrTiO3
capacitors with LaAlO3 film thicknesses of 10 and 12 unit
cells.14 For thinner LaAlO3 films the relative enhance-
ment is proposed to be even larger, as the geometrical
capacitance of the device is greater. Owing to tunneling
and leakage currents through such thin LaAlO3 films it
was not yet possible to build such devices. In view of the
results reported above, we suggest to reduce the leak-
age currents by growing an additional dielectric layer un-
der the top gate on heterostructures with four unit cells
LaAlO3. If this additional layer has a much greater di-
electric constant than LaAlO3, the geometric capacitance
of the device will be reduced by only a small amount.
Hence the capacitance enhancement is expected to be-
come even greater than previously observed.
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